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Summary
Background: Interleukin-1 receptor accessory protein-like 1
(IL1RAPL1) gene mutations are associated with cognitive
impairment ranging from nonsyndromic X-linked mental retar-
dation to autism. IL1RAPL1 belongs to a novel family of Toll/IL-
1 receptors, whose expression in the brain is upregulated by
neuronal activity. Currently, very little is known about the
function of this protein. We previously showed that IL1RAPL1
interacts with the neuronal calcium sensor NCS-1 and that it
regulates voltage-gated calcium channel activity in PC12 cells.
Results: Here we show that IL1RAPL1 is present in dendritic
spine where it interacts with PSD-95, a major component
of excitatory postsynaptic compartment. Using gain- and
loss-of-function experiments in neurons, we demonstrated
that IL1RAPL1 regulates the synaptic localization of PSD-95
by controlling c-Jun terminal kinase (JNK) activity and
PSD-95 phosphorylation. Mice carrying a null mutation of the
mouse Il1rapl1 gene show a reduction of both dendritic spine
density and excitatory synapses in the CA1 region of the hippo-
campus. These structural abnormalities are associated with
specific deficits in hippocampal long-term synaptic plasticity.*Correspondence: pierre.billuart@inserm.fr (P.B.), c.sala@in.cnr.it (C.S.)
11These authors contributed equally to this workConclusion: The interaction of IL1RAPL1 with PSD-95
discloses a novel pathophysiological mechanism of cognitive
impairment associated with alterations of the JNK pathway
leading to a mislocalization of PSD-95 and abnormal synaptic
organization and function.
Introduction
Mental retardation (MR) is defined by an overall ‘‘intelligence
quotient’’ lower than 70, with an onset before 18 years of age. It
affects about 2%–3% of the human population. The underlying
causes of MR are extremely heterogeneous; they include
environmental and genetic factors, many of which are X-linked
conditions [1]. The first mutation in IL1RAPL1 gene, described
byCarrie´etal. [2],wasassociatedwithnonsyndromicMR.Similar
to some other genes involved in cognitive impairment [3],
IL1RAPL1mutations are associated with a spectrum of cognitive
impairment ranging from MR to autism [4]. IL1RAPL1 belongs to
a novel family of Toll/IL-1 receptors and shares 52% homology
with the IL-1 receptor accessory protein (IL-1RacP). As with the
other members of IL-1 receptor family, it is characterized by three
extracellular Ig-like domains, a transmembrane domain, and an
intracellular Toll/IL-1R homology domain (TIR domain), plus,
unlike theothers,150additionalaminoacids (aa)at theC-terminal
end. The homology with IL-1RacP is evenly distributed
throughout theproteinwiththeexceptionof the last150aa,which
arepresent only in IL1RAPL1 and its paralog, IL1RAPL2. We have
previously shown that IL1RAPL1 interacts with NCS-1 through
this specific region [5] and that this interaction mediates the regu-
latory effect of IL1RAPL1 overexpression on N-type voltage-
gated calcium channel (VGCC) activity in PC12 cells [6].
In this study, we found a novel partner of IL1RAPL1, PSD-95,
a major scaffold protein of excitatory synapses that is known
to promote their maturation and strengthening [7, 8]. In order
to understand the physiological role of this interaction, we
studied dendritic spine morphology and PSD-95 distribution
in both gain- and loss-of-IL1RAPL1-function experiments.
We found that IL1RAPL1 regulates PSD-95 localization to
synapses. It has been shown that overexpression of IL1RAPL1
in nonneuronal cells activates the c-Jun terminal kinase (JNK)
pathway but not the other pathways classically involved in IL-1
signaling [9, 10]. In neurons, the balance between JNK and PP1
and PP2A activities modulates the phosphorylation level of
PSD-95 on Ser-295 and regulates its synaptic localization
[11]. Therefore, we tested whether the IL1RAPL1 deficit or
overexpression was associated with an imbalance between
JNK and PP1 and PP2A phosphatase activity. Finally, to
address the in vivo consequences of IL1RAPL1 loss of func-
tion, we analyzed the structural organization and the physio-
logical properties of the Schaffer collateral (SC)-CA1 pathway
in the hippocampus of IL1RAPL1 knockout (KO) mice [12].
Results
Identification of IL1RAPL1 Interaction with MAGUK
Proteins by Yeast Two-Hybrid Screening
In order to identify proteins that interact with IL1RAPL1, we did
a yeast two-hybrid screen of a human fetal brain cDNA library
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Figure 1. Characterization of IL1RAPL1/PSD-95 Interaction
(A) Schematic representation of IL1RAPL1 and the intracellular domain of IL1RAPL1 used as bait for the yeast two-hybrid screening.
(B) Results of the yeast two-hybrid screening with schematic representation of the positive clones of the MAGUK proteins: PSD-95, SAP-97, and
chapsyn-110.
(C) Mapping of the PSD-95/IL1RAPL1 interaction by two-hybrid test.
(D–F) Coclustering assay in COS-7-transfected cell.
(G) Glutathione Sepharose (GST) pull-down experiment using a GST fusion protein with the C-terminal end of IL1RAPL1.
(H) Coimmunoprecipitation with protein extract from double-transfected COS-7 cells with PSD-95 plus a tagged version of IL1RAPL1 either full-length or
deleted of the last 8 amino acids.
(I) Coimmunoprecipitation with neuronal extract.
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104using the entire intracellular region (aa 390–696, Figure 1A) as
bait. Seven independent cDNA plasmids from positive clones
encoded for the MAGUK proteins PSD-95, SAP-97, and chap-
syn-110 (Figure 1B).
The interaction between IL1RAPL1 and PSD-95 was
further studied by a yeast two-hybrid test with, as baits, the
C terminus of IL1RAPL1 with or without the TIR domain(390–560 aa) and with or without the last 8 aa deleted (putative
PDZ binding domain, aa 688–696). As prey, either the full-
length or different domains of PSD-95 were used (PDZ1-
PDZ2-PDZ3 [aa 1–403], PDZ1-PDZ2 [aa 1–256], PDZ3 [aa
303–403], SH3 [aa 418–508], PDZ3-SH3-GK [aa 303–724])
(Figure 1C). We found a putative PDZ binding domain within
the last 8 aa of the C terminus of IL1RAPL1 that interacts
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Figure 2. IL1RAPL1 Expression and Cellular
Localization
(A) Homogenate from olfactory bulb (OB), hippo-
campus (Hp), and cortex (Cx) of wild-type (WT)
and knockout (KO) mice were separated by SDS
polyacrylamide gel electrophoresis (SDS-PAGE)
and probed with IL1RAPL1 antibody (7.5 mg of
protein per lane).
(B) IL1RAPL1 is present in synaptosomal fraction
(P2) and synaptosomal membrane (LP1) and is
enriched in postsynaptic density fractions (PSD-
1 and PSD-2). Protein expression of PSD-95 is
not affected by the absence of IL1RAPL1. Two
different antibodies against IL1RAPL1 were
used for (A) and (B) experiments: R&D antibody
(A) and homemade antibody (B) (see Experi-
mental Procedures).
(C) Immunostaining of rat hippocampal cultured
neurons with antibody against IL1RAPL1 (K10),
PSD-95, and Shank; bottom panels show higher
magnification. Scale bars represent 3 mm (top)
and 1.5 mm (bottom).
(D) Immunostaining of rat hippocampal cultured
neurons with antibody against IL1RAPL1 (K10),
synaptophysin, and Shank; bottom panels show
higher magnification. Scale bars represent 3 mm
(top) and 1.5 mm (bottom).
(E) Immunostaining of rat hippocampal cultured
neurons double transfected with HA-IL1RAPL1
and GFP; bottom panels show higher magnifica-
tion. Scale bars represent 10 mm and 5 mm.
(F) Quantification of the mean percent of colocal-
ization (6 standard error of the mean [SEM]) of
endogenous IL1RAPL1 clusters with endogenous
PSD-95, Shank, and synaptophysin clusters illus-
trated in (C) and (D); n = 10 neurons were used for
the quantification.
(G) Rat hippocampal cultured neurons trans-
fected with HA-IL1RAPL1 and immunolabeled
with HA antibody and either PSD-95 or VGAT
antibody. Scale bars represent 5 mm.
(H) Quantification of the mean percent of colocal-
ization (6SEM) illustrated in (G) between HA-
IL1RAPL1 and either PSD-95 or VGAT; n = 10
neurons were used for the quantification;
**p < 0.01.
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105with PSD-95 via its first two PDZ domains (PDZ1 and PDZ2)
(Figure 1C).
The interaction was confirmed with a transfected COS-7 co-
clustering assay. We found that wild-type (WT) HA-IL1RAPL1
forms intracellular coclusters with PSD-95 constructs (Fig-
ure 1D, bottom) containing at least one of the two first PDZ
domains (Figures 1D–1F), whereas an IL1RAPL1 deleted
mutant lacking the PSD-95 binding domain (HA-IL1RAPL1D8)
does not. We noticed that the C terminus of IL1RAPL1 (TSISS-
VIW) contains a potential class I PDZ domain-binding motif,
X-S/T-X-V [13]. This motif is localized in the C-terminal tail of
IL1RAPL1 but contains two additional amino acids that are
excluded from the classical motif sequence.
In order to investigate the role of these two amino acids of
IL1RAPL1 in the interaction with PSD-95, we made two new
constructs: HA-IL1RAPL1D2, with the last two C-terminalamino
acids deleted, and HA-IL1RAPL1DAA, where the last two amino
acids (IW) were replaced with two alanines (AA). When these
mutants were cotransfected with myc-PSD-95, only the
IL1RAPL1D2, and not the HA-IL1RAPL1DAA, was able to form
clusters. This suggests that the last two amino acids of IL1-
RAPL1 are also required for the interaction with PSD-95, and
not in a classical type I PDZ motif sequence (Figures 1E and 1F).Finally, the interaction between IL1RAPL1 and PSD-95 was
biochemically proven by pull-down and immunoprecipitation
experiments in transfected COS-7 cells and in vivo from
neuronal protein extract. As shown in Figure 1G, the C-terminal
tail of IL1RAPL1 was able to pull down PSD-95 and SAP-97
but not Homer from brain extract. In transfected COS-7 cells,
IL1RAPL1 was coimmunoprecipitated with PSD-95, but
the IL1RAPL1 with the last 8 aa deleted was not (Figure 1H).
Lastly, IL1RAPL1 protein was specifically coimmunoprecipi-
tated in brain extracts by a monoclonal anti-PSD-95 antibody
(Figure 1I), showing that this interaction occurs in vivo.
IL1RAPL1 Is Localized in Postsynaptic Densities
of Hippocampal Neurons
We then asked whether IL1RAPL1 is localized at the postsy-
napse site of the excitatory synapses as suggested by its inter-
action with PSD-95. It has been shown that Il1rapl1 gene is
expressed in adult mouse brain and cultured neurons [2].
Using a commercial antibody (see Experimental Procedures
and legend of Figure 2A), we found that IL1RAPL1 is expressed
in different regions of the brain, including the olfactory bulb,
the cortex, and the hippocampus (Figure 2A). Using subcel-
lular fractionation experiments, we showed that IL1RAPL1 is
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Figure 3. Consequences of Loss or Gain of
IL1RAPL1 Function on Synapse in Cultured
Hippocampal Neurons
(A) Rat hippocampal neurons were transfected
with GFP or HA-tagged IL1RAPL1 either full-
length or deleted of the last 8 amino acids and
stained with PSD-95 and either GFP or HA anti-
body. Scale bar represents 10 mm.
(B) Quantification of number of PSD-95 clusters
by unit of length in each condition; data are
shown as mean6 SEM. *p < 0.05; n = 15 neurons
for each transfected construct.
(C) Typical recording of miniature excitatory post-
synaptic potentials (mEPSCs) of GFP or HA-IL1-
RAPL1 transfected neurons.
(D) Bar graphs of mean mEPSC frequency6 SEM
(left) and mean mEPSC amplitude 6 SEM (right);
the number of recorded cells is indicated as n.
(E) Representative images of WT (GFP-positive)
or KO (GFP-negative) hippocampal cocultured
neurons costained for GFP (green) and PSD-95
or VGlut1 (red). Scale bar represents 3 mm.
(F) Quantitative analysis of the average cluster
area or number of clusters per unit surface of
PSD-95 and VGlut1 clusters. Data are shown
as mean 6 SEM normalized to WT. **p < 0.01,
*p < 0.05; number of cells for PSD-95 cluster
are WT = 42 and KO = 48; for VGlut1 cluster,
WT = 22 and KO = 26.
(G) Typical recording of mEPSCs of IL1RAPL1 WT
or KO neurons.
(H) Bar graphs of mean mEPSC frequency6 SEM
(left) and mean mEPSC amplitude 6 SEM (right);
*p < 0.01; the number of recorded cells is
indicated as n.
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106present in synaptosomal fraction and is enriched in postsyn-
aptic density (PSD) fractions similarly to PSD-95 (Figure 2B).
For this experiment, we used a different antibody [5] that
recognizes two proteins with apparent molecular weight
around 83 kDa. However, only the lower one is specific to
IL1RAPL1, because it is absent in brain protein extracts from
KO animals. Interestingly, loss of IL1RAPL1 does not affect
the total amount of PSD-95 (Figure 2B; see also Figure S2B
available online).
The synaptic subcellular localization of IL1RAPL1 was
further studied by multiple-immunolabeling experiments in
cultured hippocampal neurons with anti-IL1RAPL1 (K10,
homemade antibody; see Experimental Procedures for
details), anti-PSD-95, anti-Shank, and anti-synaptophysin
antibodies. The endogenous IL1RAPL1 mostly colocalized
with PSD-95 and Shank proteins (percent of IL1RAPL1 coloc-
alization with PSD-95: 67.9% 6 2.2%; with Shank: 62.7% 6
2.6%) (Figures 2C and 2F), which are markers of excitatory
postsynapses. Moreover, the triple staining of endogenous
IL1RAPL1 with Shank and synaptophysin showed that
IL1RAPL1 clusters are more overlapped with Shank clusters
than with synaptophysin clusters (percent of IL1RAPL1colocalization with synaptophysin:
58.8% 6 2.2%) (Figure 2D, arrowheads;
Figure 2F). These results suggest that
even if IL1RAPL1 is present at both sites
of the synapse, it seems to be enriched
in the postsynaptic compartment.
Immunostaining of transfected HA-
IL1RAPL1 proteins shows a punctatestaining in dendrites and dendritic spines (Figure 2E) (percent
of dendritic spines labeled with HA-IL1RAPL1: 77.8% 6
3.6%). As shown in Figures 2G and 2H, transfected HA-
IL1RAPL1 is highly colocalized with PSD-95 (percent of
colocalization with PSD-95: 80.9% 6 3.3%) and only partially
with vGAT (percent of colocalization with vGAT: 7.7% 6
1.3%). These data suggest that IL1RAPL1 is almost exclu-
sively localized at the excitatory synapse and is enriched in
the PSD.
IL1RAPL1 Affects PSD-95 Cluster Numbers in Neurons
The scaffold protein PSD-95 promotes the maturation and
strengthening of excitatory synapses, functions that require
proper localization of PSD-95 in the PSD. To investigate
whether the interaction between IL1RAPL1 and PSD-95 had
some effects on PSD-95 localization at synapse, we studied
the consequences of HA-IL1RAPL1, HA-IL1RAPL1D8, or
GFP overexpression in rat hippocampal neurons on PSD-95
clusters by immunolabeling.
As shown in Figures 3A and 3B (high magnification of
dendrites and quantification of PSD-95 clusters), HA-IL1-
RAPL1 overexpression in neurons increased PSD-95 cluster
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107density compared to GFP control, whereas overexpression of
HA-IL1RAPL1D8 had no effect (number of PSD-95 clusters per
10 mm: neurons expressing GFP 4.36 0.8; HA-IL1RAPL1 7.96
0.7, p < 0.05; HA-IL1RAPL1D8 2.86 0.9, p = 0.22 compared to
GFP). Thus, IL1RAPL1 binds PSD-95 through its PDZ-binding
domain, and in hippocampal cultured neurons, its overexpres-
sion promotes cluster formation of PSD-95. IL1RAPL1 overex-
pression in neurons also increased VGlut1 staining and
dendritic spine number (but not the length or the width of the
heads), suggesting that IL1RAPL1 overexpression increased
excitatory synapse number, although both effects, presyn-
aptic VGlut1 accumulation and increase of spine number, do
not depend on IL1RAPL1 interaction with PSD-95 because
they were also induced by the overexpression of IL1RAPL1D8
construct (VGlut1 staining mean intensity over transfected
neurons normalized to untransfected neurons, percent
increase: GFP 91.1% 6 17.8%; HA-IL1RAPL1 388.1% 6
33.9%, p < 0.01; HA-IL1RAPL1D8 404.5% 6 14.2%, p < 0.01
compared to GFP; dendritic spine number per 10 mm: GFP
4.3 6 0.2; HA-IL1RAPL1 6.8 6 0.3, p < 0.05; HA-IL1RAPL1D8
6.6 6 0.2, p < 0.05 compared to GFP) (Figure S1). On the
contrary, the overexpression of the construct deleted of
most of the C-terminal region of IL1RAPL1 (IL1RAPL1DC) did
not modify spine number (IL1RAPL1DC 3.6 6 0.3, p = 0.62
compared to GFP) (Figures S1C and S1D). These data suggest
that in hippocampal culture, IL1RAPL1 can regulate dendritic
spine number independently of its interaction with PSD-95,
but this requires the C-terminal domain.
In IL1RAPL1-overexpressing neurons, this increase of
synapse number was associated with an increase of miniature
excitatory postsynaptic potential (mEPSC) frequency (Figures
3C and 3D; mEPSC frequency of neurons expressing GFP:
0.9 6 0.1 Hz; HA-IL1RAPL1: 1.5 6 0.2 Hz, p < 0.5), whereas
no modification of mEPSC amplitude was observed (Figures
3C and 3D; mEPSC amplitude of neurons expressing GFP:
13.6 6 0.3 pA; HA-IL1RAPL1: 12.8 6 0.3 pA; p = 0.07). These
results indicate that overexpression of IL1RAPL1 increases
excitatory synapse number and that these synapses are
functional.
In order to evaluate the consequences of the loss of
IL1RAPL1 on excitatory synapses, we studied pre- and post-
synaptic markers in IL1RAPL1 KO versus WT hippocampal
cultured neurons. To avoid possible differences deriving from
heterogeneity between independent IL1RAPL1 KO and WT
cultures, we used a cocultured system in which only WT
neurons, and not KO neurons, express the GFP protein (see
Experimental Procedures for details). Intriguingly, we found
that loss of IL1RAPL1 in cultured hippocampal neurons led to
a 25% decrease in the density of PSD-95 and VGlut1 clusters
compared to WT (PSD-95 cluster density normalized to WT
neurons: WT = 1 6 0.08, KO = 0.73 6 0.07, p < 0.01; VGlut1:
WT = 1 6 0.08, KO = 0.76 6 0.07, p < 0.05) (Figures 3E and
3F). This reduction in the density of excitatory synapses is asso-
ciated to a slight but significant reduction of the PSD-95 cluster
area without affecting that of VGlut1 clusters (PSD-95 cluster
mean area normalized to WT: WT = 1 6 0.05, KO = 0.86 6
0.04, p < 0.05; VGlut1 cluster: WT = 1 6 0.05, KO = 0.92 6
0.04, p = 0.20) (Figure 3F). In addition, we also confirmed these
results in cultured cortical neurons (data not shown). Alto-
gether, these data indicate that the loss of IL1RAPL1 leads to
a reduction of excitatory synapse density that is paralleled by
a specific decrease of PSD-95 localization at the remaining
synapses. The reduction of excitatory synapse number in
IL1RAPL1 KO neurons is associated with a reduction of mEPSCfrequency (Figures 3G and 3H; mEPSC frequency of WT: 3.16
0.7 Hz; KO: 1.56 0.3 Hz; p < 0.05). The amplitude of mEPSC is
not modified by IL1RAPL1 loss of function (Figures 3G and 3H;
mEPSC amplitude of WT: 15.9 6 1.3 pA; KO: 16.2 6 2.1 pA;
p = 0.683). In cultured IL1RAPL1 KO neurons, the reduction of
PSD-95 localization to the remaining synapse does not seem
to have an effect on basal synaptic transmission because the
amplitude and the kinetics of miniature EPSCs (data not shown)
is unchanged compared to WT cultured neurons.
IL1RAPL1 Promotes PSD-95 Phosphorylation
and Its Recruitment to Synapses
It has been reported that overexpression of IL1RAPL1 in
human embryonic kidney (HEK) cells stimulates JNK pathway
[10]. We first confirmed these results using PC12 cell lines
stably expressing IL1RAPL1 (data not shown) [5]. Because
the phosphorylation level of Ser-295-PSD-95 by JNK affects
its synaptic localization [11], we then asked whether the mis-
localization of PSD-95 observed in cultured KO neurons could
be associated with a deregulation of JNK pathway. To address
this question, we first looked at phosphorylation level of
PSD-95 in hippocampal neurons overexpressing b-galactosi-
dase, HA-IL1RAPL1, or HA-IL1RAPL1D8 (Figure 4A). Overex-
pression of HA-IL1RAPL1 induced a significant increase of
PSD-95 phosphorylation on serine 295, whereas overexpres-
sion of IL1RAPL1D8 had no effect (intensity ratio pPSD-95/
PSD-95: b-galactosidase: 0.5 6 0.10; HA-IL1RAPL1: 0.85 6
0.06; p < 0.01; HA-IL1RAPL1D8: 0.6 6 0.06, not significant
compared to b-galactosidase) (Figures 4A and 4B). Thus,
IL1RAPL1 overexpression in neurons is able to increase
PSD-95 phosphorylation (on Ser-295), and this effect is depen-
dent on its interaction with PSD-95.
We next examined the consequence of loss of function of
IL1RAPL1 on the phosphorylation levels of both PSD-95 and
JNK, which phosphorylates PSD-95 on Ser-295 amino acid
residue. We first used total protein extracts from WT or KO
neuronal cultures at 21 days in vitro (DIV) and monitored the
phosphorylation levels of JNK and PSD-95 via western blot
experiments. Opposite to data from IL1RAPL1 overexpres-
sion, we found that, in basal conditions (nontreated, NT), the
phosphorylation level of PSD-95 was decreased by 30% in
cultured IL1RAPL1-KO neurons (phosphorylation level of
PSD-95: WT = 1.006 0.05, KO = 0.726 0.02; p < 0.001) (Figures
4C and 4E). Similarly, we observed a strong decrease of the
phosphorylation level of JNK in KO cultured neurons
compared to WT (phosphorylation level of JNK: WT = 1.00 6
0.05, KO = 0.53 6 0.06; p < 0.001) (Figures 4D and 4F). Given
that IL1RAPL1 deficit does not change the total level of both
JNK and PSD-95 protein (Figure S2B), these results show
that loss of IL1RAPL1 decreases JNK activity and conse-
quently leads to a reduction of PSD-95 phosphorylation at
the S295 residue.
It has been recently shown that synaptic activity regulates
phosphorylation levels of PSD-95 in neuronal cultures [11].
Thus, we investigated whether IL1RAPL1-mediated phos-
phorylation is activity dependent. This was done by studying
whether the deficit in JNK activity in IL1RAPL1 KO neurons,
and consequently of phosphorylation level of PSD-95, were
sensitive to a blockade of neuronal network activity by tetro-
dotoxin (TTX). As previously shown by Kim et al. [11], the
phosphorylation level of PSD-95 in cultured WT neurons is
increased after TTX treatment, whereas there is no significant
effect on JNK activity. This suggests that neuronal network
activity regulates PSD-95 phosphorylation through control of
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Figure 4. PSD-95 Phosphorylation and JNK
Pathway
(A) Immunostaining with pPSD-95 and PSD-95
antibody of rat hippocampal neurons transfected
with either b-galactosidase or HA-IL1RAPL1, full-
length or deleted of the last 8 amino acids.
(B) Quantitative analysis of pPSD-95 cluster
intensity normalized to PSD-95, representative
of PSD-95 phosphorylation on Ser-295; data are
shown as mean of the ratio of cluster pixel inten-
sity 6 SEM; *p < 0.01; n = 20 neurons for each
construct. Scale bar represents 10 mm.
(C–F) KO or WT cultured neurons were treated or
not treated (NT) for 2.5 hr with tetrodotoxin (TTX)
or okadaic acid (Ok Ac).
(C and D) Representative immunoblots of PSD-95
(C) or c-Jun terminal kinase (JNK) (D) phosphory-
lation level in each condition for both genotypes.
(E and F) Quantification of PSD-95 (E) and JNK (F)
phosphorylation level of experiments performed
as shown in (G) and (H). Data are shown as
mean of pJNK/JNK or pPSD-95/PSD-95 level 6
SEM normalized to untreated WT. ***p < 0.001,
*p < 0.05; the number of experiments is indicated
as n.
(G–J) Phosphorylation level of JNK and PSD-95 in
KO and WT cortices. Total protein extract from
WT or KO cortices was separated by SDS-PAGE
and probed with pPSD-95 (G) or pJNK (I) anti-
body, then stripped and reprobed with PSD-95
or JNK antibody, respectively. Quantification of
PSD-95 (H) and JNK (J) phosphorylation level of
experiments was performed as shown in (C) and
(E). Data are shown as mean of pPSD-95/PSD-
95 or pJNK/JNK level 6 SEM normalized to WT.
***p < 0.001, *p < 0.05; the number of experiments
is indicated as n.
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108phosphatase activities (Figures 4C–4F; Figure S2A). Similarly
with WT, TTX induced PSD-95 phosphorylation in KO without
any effect on JNK activity, whereas differences in PSD-95 and
JNK phosphorylation levels were still present between the two
genotypes (phosphorylation level of JNK: WTTTX = 1.046 0.09,
KOTTX = 0.68 6 0.10, p < 0.05; PSD-95: WTTTX = 1.36 6 0.07,
KOTTX = 1.15 6 0.06, p < 0.05) (Figures 4C–4F; Figure S2A).
These results show that, in KO neurons, there is a constitutive
deficit of JNK activity and PSD-95 phosphorylation, and also
that regulation of PSD-95 phosphorylation level by synaptic
activity is independent of IL1RAPL1.
Because both JNK and PSD-95 are dephosphorylated by
PP1 and PP2A phosphatases [11, 14], we treated KO and WT
neuronal cultures with the PP1 and PP2A phosphatase inhib-
itor okadaic acid (OA) for 2.5 hr before protein extraction. As
shown in Figures 4C and 4E and in agreement with published
data [11], inhibition of PP1 and PP2A in WT neurons induced
an increase of JNK activity and consequently of the phos-
phorylation level of PSD-95 (Figures 4C–4F; Figure S2A). Inter-
estingly, inhibition of PP1 and PP2A in KO neurons also
increased the phosphorylation levels of JNK and PSD-95 and
partially compensated the differences between genotypes(phosphorylation level of JNK: WTOA. =
1.39 6 0.19, KOOA. = 1.3 6 0.25, p =
0.79; PSD-95: WTOA. = 1.46 6 0.12,
KOOA. = 1.17 6 0.08, p = 0.11) (Figures
4D and 4F; Figure S2A).
Finally, we used total protein cortical
extracts from WT and KO animals tostudy the in vivo role of IL1RAPL1 in regulation of JNK and
PSD-95 phosphorylations. Similarly to our in vitro data, we
found a 30% reduction of PSD-95 phosphorylation at Ser-
295 residue (PSD-95 phosphorylation level: WT = 1.00 6
0.05, KO = 0.69 6 0.05, p < 0.001) (Figures 4G and 4H) in the
cerebral cortex of IL1RAPL1 null mutants. This decrease was
paralleled by a similar decrease in JNK phosphorylation level
(phosphorylation level of JNK: WT = 1.00 6 0.09, KO = 0.72 6
0.03, p < 0.05) (Figures 4I and 4J). In conclusion, we show that
loss of IL1RAPL1 constitutively reduces JNK activity and
PSD-95 phosphorylation in the brain and that treatment with
the phosphatase inhibitor OA partially restores these deficits.
IL1RAPL1 Is Important for the Formation of Excitatory
Synapses In Vivo
A significant reduction of excitatory synapse numbers
produced by in vitro loss of IL1RAPL1 function suggested
the investigation of the role of IL1RAPL1 protein in the organi-
zation of neural circuits in vivo. To address this question, we
analyzed the brain of IL1RAPL1 KO mice using both confocal
and electron microscopy. First, we analyzed the structural
organization of the hippocampus and found no obvious
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Figure 5. Structural Organization of CA3-CA1 Synapses in the Hippocampus of IL1RAPL1 KO Mice
(A) Representative semithin section micrographs showing CA1 pyramidal neurons of IL1RAPL1 KO and WT littermate mice; scale bar represents 50 mm.
(B) Quantitative analysis of CA1 pyramidal cell density, cell body perimeter, and area. Data are shown as mean 6 SEM; n = 3 for each genotype.
(C) Representative electron micrographs of asymmetric axospinous contact in the striatum radiatum of the CA1 area of hippocampus of IL1RAPL1 KO and
WT animals; scale bar represents 200 nm.
(D) Quantitative analysis of the number per unit of volume and of the average of postsynaptic density (PSD) length and dendritic spine area of these contacts.
Data are shown as mean 6 SEM; *p < 0.05; n = 3 for each genotype.
(E) DiOlistic fluorescent labeling of basal and apical dendrites of the hippocampus CA1 pyramidal neurons of IL1RAPL1 KO and WT mice; scale bar
represents 5 mm.
(F) Quantitative analysis of dendritic spine density of apical or basal dendrites. Data are shown as mean 6 SEM; *p < 0.05; n = 4 for each genotype.
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109neurocytological abnormalities (Figure 5A). Indeed, CA1 pyra-
midal cell density (WT: 4.76 0.2 cells/1000 mm2; KO: 4.6 6 0.1
cells/1000 mm2), cell body perimeter (WT: 41.2 6 5.2 mm; KO:
39.7 6 7.7 mm), and cell body area (WT: 100.7 6 5.6 mm2; KO:
97.8 6 3.6 mm2) were unchanged in IL1RAPL1 KO mice when
compared to WT animals (Figures 5A and 5B). Next, we calcu-
lated the density of asymmetric axospinous contacts in the
stratum radiatum of the CA1 area of the hippocampus (Figures
5C and 5D) using stereology and electron microscopy. This
analysis revealed that Il1rapl1 null mutation produced a signif-
icant decrease in the number of asymmetric synapses in
this area (WT: 2.4 6 0.07 contacts/mm3; KO: 1.8 6 0.15
contacts/mm3, p < 0.05). Interestingly, the reduction of excit-
atory synapses was paralleled by a significant decrease in
the number of postsynaptic dendritic spines protruding from
secondary and tertiary dendritic segments of CA1 pyramidal
neurons (Figures 5E and 5F). The number of dendritic spines
identified with diolistic fluorescent labeling was reduced in
IL1RAPL1 KO mice on both apical and basal dendrites of
CA1 pyramidal neurons (apical: WT: 1.7 6 0.03 contacts/mm;
KO: 1.5 6 0.03 contacts/mm, p < 0.05; basal: WT: 1.7 6 0.1
contacts/mm; KO: 1.3 6 0.07 contacts/mm, p < 0.05) (Figures
5E and 5F). Similarly, we also observed a reduction of spine
density on the dendritic branches of layer V pyramidal
neurons, although the decrease was not significant becauseof higher variability in cortex compared to hippocampus
(data not shown).
Although the deletion of Il1rapl1 produced significant alter-
ations in the number of excitatory synapses, it did not affect
the architecture of these contacts. Electron microscopy anal-
ysis of the length of the PSD and of the spine cross-section
area (Figure 5D) showed that there was no change in KO
animals when compared to WT mice (PSD length: WT: 0.19 6
0.07 mm; KO: 0.196 0.03 mm; spine area: WT: 0.966 0.03 mm2;
KO: 0.89 6 0.05 mm2) (Figure 5D). Similarly, spine neck length
was not modified in IL1RAPL1 KO animals with respect to
WT mice (data not shown). Interestingly, presynaptic struc-
tures also seemed normal in mutant mice. The electron
microscopy analysis of presynaptic terminal area did not
show significant differences in KO animals when compared
to WT mice (WT: 0.15 6 0.01 mm2; KO: 0.19 6 0.006 mm2; Fig-
ure S4A). Moreover, no differences were found in the density
of total synaptic vesicles (WT: 367.9 6 19.8 vesicles/mm2;
KO 360.4 6 30.8 vesicles/mm2) as well as docked synaptic
vesicles (WT: 27.07 6 0.88 vesicles/mm of active zone; KO:
25.67 6 1.4 vesicles/mm of active zone) between genotypes
(Figure S4A). Thus, these data indicate that Il1rapl1 null
mutation in vivo induces a reduction in excitatory contact
density but does not seem to alter synaptic morphology of
the remaining synapses.
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Figure 6. Synaptic Transmission and Long-Term Plasticity at SC-CA1 Synapses of the Hippocampus of IL1RAPL1 KO Mice
(A) Synaptic efficacy of hippocampal responses recorded by stimulating Schaffer collateral at intensities ranging from 20 to 300 mA was similar in IL1RAPL1
KO mice (open circles, n = 12 slices from 4 mice) and WT mice (closed circles, n = 11 slices from 4 mice).
(B) Long-term potentiation induced by high-frequency stimulation (HFS, arrow) was identical in KO (n = 8 slices from 4 mice) and in WT (n = 9 slices from
4 mice) animals.
(C) Long-term potentiation (LTP) induced by theta-burst stimulation (TBS, arrow) was significantly reduced in IL1RAPL1 mutant mice compared to WT
(p < 0.05, analysis of variance; LTP values measured at minutes 55–60 after TBS; n = 8 slices from 3 mice both for KOs and WTs).
(D) Long-term depression (LTD) was not affected by IL1RAPL1 deletion: no differences in the magnitude of the responses were observed between KO (n = 7
slices from 3 mice) and WT (n = 5 slices from 3 mice) at any moment after low-frequency stimulation (LFS, indicated by horizontal black line). Insets above (B),
(C), and (D) show averaged field postsynaptic potentials from three consecutive traces taken at the time points indicated by the numbers. Calibration bars
represent 10 ms (horizontal) and 0.5 mV (vertical). All data are presented as means 6 SEM of the indicated number of experiments.
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110Next, we investigated whether Il1rapl1 null mutation could
also affect the number and organization of inhibitory synapses
in the hippocampus by using immunogold labeling and elec-
tron microscopy. Qualitative analysis of GABA-positive axon
terminals making symmetric synapses on the cell soma of
CA1 pyramidal neurons did not reveal major ultrastructural
abnormalities (Figures S5A and S5C). Interestingly, the density
of perisomatic GABAergic synapses was not altered in
IL1RAPL1 KO mice (number of contacts per membrane length
WT: 0.176 0.02 N/10 mm of membrane; KO: 0.186 0.01 N/10 mm
of membrane; Figure S5B).The density of immunogold parti-
cles decorating GABAergic axon terminals was also not
altered (WT: 2146 20 N/nm2; KO: 2106 12 N/nm2; Figure S5C).
Altogether, these data show that IL1RAPL1 deficit does not
affect inhibitory synapses in the CA1 region of hippocampus.
Long-Term Potentiation Is Altered in IL1RAPL1 KO Mice
To explore the physiological consequences of the structural
modifications induced by Il1rapl1 loss-of-function mutation,
we investigated basal synaptic transmission at SC-CA1
pathway in hippocampal acute slices of WT and IL1RAPL1
KO mice. Synaptic efficacy, calculated as the ratio between
the slope of the field postsynaptic potentials (fEPSPs) and
the amplitude of the fiber volley, was not different between
KO and WT mice at any of the stimulus intensities tested
(Figure 6A). Because field potential method could be not
sensitive enough to detect small changes in basal synaptictransmission, we used patch-clamp and minimal stimulation
protocol to test whether the reduction of spine in IL1RAPL1
KO hippocampus affects neurotransmission at SC-CA1
synapses (Figures S3A–S3C). With minimal stimulation, failure
and success events have the same distribution in IL1RAPL1
KO and WT. Deficit in IL1RAPL1 led to a small but not signifi-
cant reduction of minimal evoked EPSC (meEPSC) amplitude
(meEPSCs WT:213.66 1.8 pA, KO:212.76 0.8 pA, p = 0.62).
In input-output function, IL1RAPL1 KO CA1 pyramidal cells
have weaker responses than WT, but the difference is once
again not significant (eEPSC at 300 mA of stimulation:
WT: 2313 6 47 pA, KO: 2294 6 67 pA, p = 0.82) (Figures
S3D and S3E). Together with field recording result, these
data suggest that the reduction of around 20% of excitatory
synapse number in the hippocampal CA1 region of IL1RAPL1
KO mice has no noticeable effect on basal neurotransmission.
To explore presynaptic plasticity, we measured paired-
pulse facilitation (PPF) ratios, tested with interstimulus inter-
vals (ISI) ranging from 10 to 300 ms. PPF ratios were not
statistically different between KO and WT animals at any of
the ISI tested (Figure S4B), showing that in this region of hippo-
campus, presynaptic short-term plasticity is not altered by
IL1RAPL1 deletion.
Next, we investigated several forms of long-term synaptic
plasticity at hippocampal SC-CA1 synapses. Long-term
potentiation (LTP) elicited by high-frequency stimulation
(HFS) was unchanged in IL1RAPL1 KO animals: the increase
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111in the magnitude of synaptic responses was identical in WT
and mutants for at least 60 min following the delivery of the
HFS (Figure 6B). LTP values measured at minutes 55–60 after
HFS were 139.13% 6 9.04% for WT mice and 133.40% 6
8.94% for KO (p = 0.66, analysis of variance [ANOVA]). Interest-
ingly, LTP was slightly but significantly impaired (Figure 6C) in
slices from KO mice when it was elicited via a paradigm of
theta-burst stimulation (TBS-LTP), which is thought to mimic
the firing patterns observed in the hippocampus during behav-
ioral learning in animals in vivo [15]. Although the magnitude of
synaptic responses recorded during the first minutes after TBS
was similar, differences between the two genotypes started to
appear at minutes 15–20 (136.61%6 8.99% in KO mice versus
166.46% 6 5.28% in WTs, p < 0.05, ANOVA), and LTP values,
measured 1 hr after TBS (minutes 55–60), were significantly
reduced in KO mice (129.05% 6 9.52%) with respect to WTs
(156.86% 6 5.84%; p < 0.05, ANOVA). Application of low-
frequency stimulation (LFS) protocol to the SC of WT mice
caused a reduction in the size of synaptic responses recorded
in CA1 stratum radiatum. This LFS protocol, when applied to
the SC of KO mice, produced a similar reduction (WT:
88.74% 6 5.92%; KO: 88.06% 6 4.89%; p = 0.93, ANOVA).
Thus, these data indicate that an absence of IL1RAPL1 may
produce stimulus-specific impairments in long-term synaptic
plasticity affecting the consolidation and maintenance phases
of LTP.
Discussion
In this study, we showed that the MR-related protein IL1RAPL1
is present in the PSD of excitatory synapses where it interacts
with PSD-95 through a noncanonical PDZ-binding motif. Using
transfection experiments in hippocampal neurons, we demon-
strated that the PDZ-binding motif of IL1RAPL1 is involved in
the regulation of PSD-95 localization in synapses. IL1RAPL1
overexpression in neurons increases the number of PSD-95
clusters in dendritic spines, whereas deletion of the PDZ-
binding motif abolishes this effect. Deletion of IL1RAPL1 leads
to a decrease of excitatory synapse number both in cultured
neurons and in the brain of mutant animals and abnormal
long-lasting synaptic plasticity. These results suggest an
involvement of IL1RAPL1 in promoting the formation or in
the stabilization of excitatory synapses and in the correct
function of these contacts.
In IL1RAPL1 KO neurons, we found a decrease in JNK
activity and consequently in the phosphorylation level of the
Ser-295 of PSD-95 leading to a reduction of PSD-95 localiza-
tion at the synapse. How IL1RAPL1 can regulate JNK activity
is still not clear. Because Rac1 has been described as an
upstream regulator of JNK activity in neurons [11], it is possible
that Rac1 activity is altered by IL1RAPL1 deletion. Alterna-
tively, Wnt5 signaling has also been involved in regulating
JNK pathway and PSD-95 localization [16], suggesting a
complex regulation of JNK/PSD-95 pathway in neurons.
We found that the deficit in JNK activity and in PSD-95 phos-
phorylation is partially rescued in IL1RAPL1 KO neurons
treated by okadaic acid, an inhibitor of PP1 and PP2A phos-
phatases, whereas inhibition of neuronal network activity by
TTX similarly increases PSD-95 phosphorylation level inde-
pendently of the genotype. These results lead to at least two
hypotheses: IL1RAPL1 enhances JNK activity as suggested
by IL1RAPL1 overexpression in HEK cells [10] and/or it can
inhibit PP1 and PP2A phosphatase activity that regulates
JNK activity and PSD-95 phosphorylation (Figure S6). In bothhypotheses, IL1RAPL1 is likely to locally regulate JNK and
modulate the phosphorylation of the scaffolding protein
PSD-95 at the synapse in response to a yet-unknown signal.
JNK pathways have also been involved in axonal growth and
microtubule dynamics through regulation of phosphorylation
states of microtubule-associated proteins such as MAP-2 or
doublecortin [17, 18]. In either loss- or gain-of-function
approaches, we did not find any evidence of neuronal migra-
tion or morphogenesis defects. This argument is in favor of
the local regulation of JNK pathway by IL1RAPL1 at the
synapse rather than a more general cell-wide effect.
In vitro as well as in vivo, we showed that increase or loss of
IL1RAPL1 function leads to an increase or decrease of excit-
atory synapse number, respectively. The overexpression of
IL1RAPL1 increases the number of dendritic spines without
changing the morphology. In agreement with these data, in
IL1RAPL1 KO mice, the reduction in number of excitatory
synapses in pyramidal neurons of the CA1 region of hippo-
campus is not associated with abnormal organization of the
pre- and the postsynaptic compartment, indicating that the
remaining synapses are not affected by loss of IL1RAPL1 at
the structural level.
As previously shown [19], IL1RAPL1 is not expressed in the
CA3 region of the hippocampus. This suggests that the anal-
ysis of the SC-CA1 synapses in IL1RAPL1 KO mice should
give us clues about the postsynaptic role of IL1RAPL1 and,
eventually, the secondary consequences on the presynaptic
compartment of postsynaptic deficit in IL1RAPL1 expression.
At the SC-CA1 synapse, neither basal synaptic transmission
nor presynaptic short-term plasticity is affected by loss of
IL1RAPL1, suggesting that postsynaptic loss of IL1RAPL1
has no major effect on the presynaptic compartment.
Long-term synaptic plasticity in the hippocampus has been
shown to be a substrate for memory and learning. Here
we found that only theta-burst-induced LTP is impaired in
IL1RAPL1 KO mice, whereas HFS-induced LTP is normal.
Interestingly, our data show that theta-burst-induced LTP
appears to be negatively affected by IL1RAPL1 deletion as
soon as 15–20 min after theta-burst stimulation and that LTP
deficit becomes even more evident in the next 40 min of LTP.
The relevance of HFS- and theta-burst-induced LTP at this
synapse has been discussed by Albensi and colleagues [20]:
theta-burst-induced LTP is physiologically closer to what
occurs in the hippocampus during episodes of learning and
memory in living animals, and consequently, from a patho-
physiological standpoint, deficits in theta-burst-induced LTP
are potentially more relevant than deficits in HFS-induced
LTP. Moreover, Boda and colleagues [21] showed that, among
other genes involved in MR, expression level of Il1rapl1 is
specifically increased following theta-burst-induced LTP at
SC-CA1 synapse in mice, suggesting that Il1rapl1 expression
could be required for further positively regulating theta-
burst-induced LTP. At the molecular level, it is known that
theta-burst- and HFS-induced LTP do not involve the same
VGCC and Ca2+ store [22]. We have previously shown that
IL1RAPL1 interacts with NCS-1 [5] and, through this interac-
tion, regulates N-type VGCC activity in PC12 cells [6]. These
previous results showed an involvement of IL1RAPL1 in
exocytosis, suggesting a possible role of this protein in the
release of neurotransmitter at the synapse. However, at
present, because NCS-1 [23] and VGCC [24] are both present
in the postsynaptic compartment, we cannot exclude a dereg-
ulation of NCS-1/VGCC pathway in the postsynaptic com-
partment carrying unknown consequences on LTP in the
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112IL1RAPL1 KO mice. On the other hand, the deficit in theta-
burst-induced LTP in IL1RAPL1 KO mice could be due to a
decrease of PSD-95 synaptic content, with critical conse-
quences on glutamate receptor trafficking. In apparent contrast
with our results, mutant mice for PSD-95 show enhanced LTP at
different frequencies of synaptic stimulation [25]. However,
a plausible explanation for this discrepancy is that in this mouse
model there is a specific loss of PSD-95. In contrast, IL1RAPL1
deletion may alter the distribution and function of the other
interacting postsynaptic MAGUK proteins (i.e., SAP-97 and
chapsyn-110). Importantly, whereas PSD-95 mutants showed
no changes in morphology or number of synaptic structures,
we show that IL1RAPL deletion leads to a decreased number
of dendritic spines and asymmetric synapses in the stratum
radiatum of the CA1 region of the hippocampus.
In conclusion, the finding of PSD-95 as a novel partner of
IL1RAPL1 and the implication of the JNK/PSD-95 pathway in
the IL1RAPL1 KO phenotype disclose a novel pathophysiolog-
ical mechanism for MR associated with IL1RAPL1 mutations.
Experimental Procedures
Animals
IL1RAPL1 KO and B6C3F1-Tg(CAG-EGFP)CX transgenic mice have been
described previously [12, 26]. C57BL/6N mice were purchased from Charles
River. Animals were weaned at 4 weeks and housed two to four per cage by
sex and litter regardless of the genotype under standard conditions, with
food and water available ad libitum. Experiments were performed in accor-
dance with the European Communities Council Directive (86/809/EEC)
regarding the care and use of animals for experimental procedures and
were approved by the local ethical committee.
Yeast Two-Hybrid Screening and cDNA Constructs
A fragment corresponding to the intracellular domain of IL1RAPL1 (aa 390–
696) was cloned in pDBLeu in frame with GAL4 binding domain, used as a
bait for screening a human fetal brain cDNA library (ProQuest Pre-made
cDNA Libraries), and cloned in pPC86 vector. Positive colonies were
selected for the ability to grow on plate lacking amino acids Tryptophane,
Leucine, and Histidine but containing 10 mM 3AT and to be positive for
b-galactosidase activity (LacZ test). cDNA plasmids from positive clones
were recovered via E. coli DH5a plated on AmpR and then sequenced.
Original, full-length cDNA construct of IL1RAPL1 was obtained by J. Sims
(Amgen) (AF284435, aa 1–696). HA-tagged or deletion constructs were
prepared with standard molecular biology techniques: for all HA-IL1RAPL1-
tagged constructs, tag was inserted between residues 24 and 25 of
IL1RAPL1. This construct was used as template for all the IL1RAPL1 mutant
constructs. For yeast two-hybrid screening, the indicated residues of
IL1RAPL1 were subcloned into pDBLeu vector (baits), and different
domains of PSD-95 (PDZ1–2, aa 1–256; SH3, aa 418–508; PDZ3SH3GK, aa
303–724; PDZ3, aa 303–403, full length of PSD-95) were subcloned into
pPC86 vector (preys). For pull-down assay, aa 560–696 and aa 560–688 of
IL1RAPL1 were subcloned into pGEX-4T vector.
Biochemistry Experiments: GST Pull-Down and Immunoprecipitation
Glutathione Sepharose (GST) fusion proteins were prepared in E. coli BL21
strain and purified according to standard procedures. Transfected human
embryonic kidney 293T (HEK293T) cells were lysed with lysis buffer
(50 mM TRIS-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.5%
deoxicholate). Cellular lysates were then incubated with 30 mg of GST fusion
protein immobilized on GST 4B beads (GE Healthcare) for 3 hr at 4C,
washed extensively five times in the lysis buffer, and resuspended in 25 ml
of 33 SDS sample buffer. GST alone was used as control. Samples were
separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) followed
by western blotting.
For the coimmunoprecipitation, samples (100 mg proteins) were incu-
bated overnight at 4C with antibodies (antibody dilution 1:200) in buffer A
containing 200 mM NaCl, 10 mM EDTA, 10 mM Na2HPO4, 0.5% NP-40,
0.1% SDS, 10 mM NaF, and Ser/Thr- and Tyr-phosphatase inhibitor cock-
tails. Protein A agarose beads (Santa Cruz Biotechnology) washed in the
same buffer were added, and incubation continued for 2 hr. The beads
were collected by centrifugation and washed five times with buffer A.Samples were resuspended in sample buffer for SDS-PAGE, and the
mixture was boiled for 5 min. Beads were pelleted by centrifugation, and
supernatants were applied to 7.5% SDS-PAGE. The following antibodies
were used: goat anti-IL1RAPL1 (R&D Systems) at dilution 1:1000, rabbit
anti-Homer1 (gift from E. Kim, KAIST) at 1:500, rabbit anti-HA-tag (Santa
Cruz Biotechnology), and mouse anti-HA-tag (Roche Applied Science).
Primary Rat Hippocampal Neurons and Cell Cultures, Transfection,
Staining, and Quantification
Low-density hippocampal neuronal cultures were prepared from E18–E19
rat hippocampi as previously described with minor modifications [27] and
grown in 12-well Petri dishes (Iwaki). Neurons were transfected via calcium
phosphate precipitation method at DIV9, and transfected cells were used 7
days after transfection.
African green monkey kidney (COS-7) or HEK293T cells at 50%–70% con-
fluency (24 hr after plating in 6-well plates or on glass coverslips in 12-well
plates) were transfected by Lipofectamine 2000 transfection reagent (Invi-
trogen) with cDNA expression constructs (1–2 mg DNA per well) for 2–3 hr
at 5% CO2, 37
C. Cells were washed twice with phosphate-buffered saline
(PBS), fed with Dulbecco’s modified Eagle’s medium, 10% fetal bovine
serum, 1% penicillin/streptomycin, and grown for 24–48 hr before fixation
for immunocytochemistry or before lysis for coimmunoprecipitation or
pull-down assay.
Hippocampal neurons or COS-7 cells were fixed in 4% paraformaldehyde
(PFA)-4% sucrose for 10 min. Primary (1:50–1:100) and secondary (1:200)
antibodies were applied in gelatin detergent buffer (30 mM phosphate buffer
[pH 7.4] containing 0.2% gelatin, 0.5% Triton X-100, and 0.8 M NaCl).
Confocal images were obtained with an LSM 510 Meta confocal micro-
scope (Carl Zeiss; a gift from F. Monzino) and a 633 objective (numerical
aperture 1.4) with sequential acquisition settings of 1024 3 1024 pixels.
Each image was a Z series projection of about 7–15 images, each averaged
two to four times and taken at 0.4–0.7 mm depth intervals. Morphometric
analysis and quantification of synaptic clusters were performed with Meta-
Morph software (Molecular Devices) by investigators who were blind to type
of transfection and experimental manipulation. Colocalization was
measured by color-separating PSD-95, Shank, synaptophysin, and vGAT
channels, manually setting a threshold level for each channel (identical for
each neuron), and then determining the overlapping puncta by manual
inspection. PSD-95 and relative pPSD-95 cluster intensity were measured
by manually tracing PSD-95 clusters along dendrites of transfected
neurons; pPSD-95 intensity was measured only over the PSD-95 clusters
in order to eliminate the nonspecific pPSD-95 puncta. Dendritic spine
number and dimension were measured as described in [28].
The following commercially available antibodies were used: rabbit anti-
IL1RAPL1 antibody (K10) raised with GQRPQTKSSREQNPDEAT peptide
(aa 659–677), rabbit anti-HA-tag (Santa Cruz Biotechnology), mouse anti-
HA-tag (Roche Applied Science), mouse synaptophysin (Sigma), mouse
PSD-95 K28/43 (NeuroMab), guinea pig anti-Shank (gift from E. Kim, KAIST),
rabbit anti-VGlut1 (Synaptic System), mouse anti-b-galactosidase (Prom-
ega), and rabbit anti-pS-295 PSD-95 (gift from M. Sheng, Massachusetts
Institute of Technology).
Preparation of Postsynaptic Density from Mouse Cortex
Subcellular fractions of mouse cortex (five cortices for each genotype) were
prepared as described [29]. Briefly, mouse cortex Dounce homogenates (H)
were centrifuged at 800 3 g to remove nuclei and other large debris. The
supernatant was centrifuged at 9,200 3 g to obtain a crude synaptosomal
fraction (P2), which was subsequently lysed hypo-osmotically and centri-
fuged at 25,000 3 g to pellet a synaptosomal membrane fraction (LP1).
LP1 was resuspended and subjected to detergent extraction as described
[30] to obtain the PSD-1 and PSD-2 fractions. For all fractions (P2, LP1,
PSD-1, and PSD-2), protein concentration was measured via Bradford assay
(Bio-Rad) and adjusted before adding Laemmli buffer (Bio-Rad). Thirty
micrograms of protein of each fraction was submitted to SDS-PAGE and
immunoblotted with a homemade antibody against IL1RAPL1 as described
previously [5] or mouse anti-PSD-95 (1:2000; Affinity Bioreagents) antibody.
For the western blot experiment of different brain region extracts, we used an
antibody against IL1RAPL1 from R&D Systems at dilution 1:1000.
Hippocampal Mouse Neuronal Culture Preparation, Immunostaining,
and Quantification
In order to bypass the heterogeneity linked to variation in cell culture condi-
tions, we used a cocultured system between WT and KO neurons where
only WT cells express GFP to distinguish them. Embryos used for culture
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rapl1+/y male with a GFP transgene inserted on its X chromosome. As
a result of random X inactivation in females, neurons obtained from pooled
embryos expressed either IL1RAPL1 protein together with GFP protein (WT
neurons) or no GFP and no IL1RAPL1 (KO neurons). Cultured hippocampal
neurons were prepared from embryonic day 18–19 mouse embryos and
maintained in Neurobasal B27-supplemented medium (Invitrogen) accord-
ing to a procedure recommended by Amaxa. At 18 DIV, hippocampal mouse
neurons were fixed with 4% PFA in PBS for 5 min at 4C and for 10 min at
room temperature, rinsed three times in PBS followed by a second fixation,
and permeabilized with 100% methanol for 6 min at –20C and one PBS
wash (adapted from [31]). Permeabilized cells were blocked for at least 1
hr in PBS 0.2% Tween plus 3% bovine serum albumin and incubated with
the appropriate primary and secondary antibodies. The following primary
antibodies were used: mouse anti-PSD-95 (1:100; Affinity Bioreagents),
rabbit anti-VGlut1 (1:1000, gift from S. El Mestikawy, UPMC), mouse anti-
GFP (1:250, Roche Diagnostics), rabbit anti-GFP (1:250, Abcam). Secondary
antibodies included fluorescein isothiocyanate donkey anti-mouse or anti-
rabbit (1:500; Jackson ImmunoResearch) and Texas red donkey anti-mouse
or anti-rabbit (1:1000; Jackson ImmunoResearch). Images were acquired on
a Leica DMRA2 microscope. For each genotype, isolated neurons were
chosen randomly on the coverslip after checking that no neuron from the
other genotype made contact with them. The number of neurons used for
quantification is indicated in Figures 3E and 3F. Images were analyzed
with ImageJ software (http://rsbweb.nih.gov/ij/). Three independent cocul-
tures were made. For each neuron, mean of cluster intensity and area and
the number of cluster per unit of surface were measured. Data were normal-
ized by the mean value of WT from the same culture, and statistical analysis
was performed on the pooled data of the three cultures with two-tailed t test
(GraphPad Prism 5.1 software).
Electrophysiological Recording on Hippocampal Cultured Neurons
Whole-cell patch-clamp recordings were made from GFP- or IL1RAPL1-
transfected rat hippocampal neurons, WT, or IL1RAPL1 KO hippocampal
cultured neurons as described above. Patch electrodes, fabricated from
thick borosilicate glass, were pulled and fire polished to a final resistance
of 3–4 MU and filled with the standard internal solution (in mM): 100 CsMES,
20 CsCl, 2 MgCl2, 5 ethylene glycol tetraacetic acid, 10 HEPES, 4 ATP, and 15
phosphocreatine (pH 7.4). EPSCs were investigated in cultured neurons by
superfusing the whole-cell clamped neuron with a Tyrode solution contain-
ing (in mM): 150 NaCl, 2 CaCl2, 1 MgCl2, 4 KCl, 10 glucose, 10 HEPES (pH 7.4).
Neurons were voltage clamped at –70 mV, and TTX (0.3 mM; Tocris) was
added to block spontaneous action potential propagation during recording
of mEPSCs. All of the experiments were performed at room temperature
(22C–24C). Statistical analysis was performed with two-tailed t test.
Cortical Mouse Neuronal Culture and Western Blot Experiments
Cultured cortical neurons were prepared from embryonic day 15 mouse
embryos and plated at 100,000 cells per 100 mm cell culture dish. At 21
DIV, neurons were treated or not treated for 2.5 hr with 0.1 mM okadaic
acid (Calbiochem) or 2 mM TTX (Latoxan). Neurons were then washed with
cold PBS and lysed with 500 ml (per plate) of lysis buffer (urea 8 M, 10 mM
sodium orthovanadate, 20 mM sodium pyrophosphate, protease inhibitor
13), and protein concentrations were quantified (Bradford assay, Bio-rad).
Samples were diluted in Laemmli buffer with a final concentration 0.5 mg/ml
of protein. Cell lysates were submitted to SDS-PAGE and immunoblotted
with either mouse anti-pJNK (1:200; Cell Signaling Technology) or rabbit
anti-pSer-295 PSD-95 (1:1000; gift from M. Sheng, Genentech) antibody.
After stripping (Restore Western Blot Stripping Buffer, Pierce Biotech-
nology), blots were reprobed with rabbit anti-JNK (1:500; Cell Signaling
Technology) or mouse anti-PSD-95 (1:4000; Neuromab), respectively. The
number of experiments used for quantification is indicated in Figures 4C–
4J. SuperSignal West Femto (Pierce Biotechnology) was used for revelation;
acquisition was done with a charge-coupled device (CCD) camera (LAS-3000
Imaging System, Fujifilm), and quantification of band intensity was done with
Multi Gauge V3.0. software (Fujifilm). For each lane, level of phosphorylation
was determined by dividing band intensity of pJNK or pPSD-95 by total JNK
or PSD-95 band intensity. Statistical analysis was performed with two-tailed t
test (GraphPad Prism 5.1 software) to compare phosphorylation level of JNK
or PSD-95 in KO versus WT cultured neurons in each condition.
Electron Microscopy
IL1RAPL1 KO and WT littermates (at least 3 animals per group) were anaes-
thetized with an intraperitoneal injection of ketamine-xylazine 1:1 (0.1 ml/kg)and transcardially perfused with ice-cold 2% PFA and 2.5% glutaraldehyde
in 0.1 M phosphate buffer (PB; pH 7.4). After perfusion, brains were post-
fixed in the same solution overnight at 4C and then washed several times
in 0.1 M PB. Vibratome sections (500 mm) were cut through the hippo-
campus, postfixed with 0.5% osmium tetroxide (in 0.1 M cacodylate buffer)
for 20 min on ice, dehydrated in a crescent series of ethanol (30%–100%),
and embedded flat with epon-araldite resin in rubber molds. Ultrathin serial
sections (70 nm) were cut with an ultramicrotome (Leica Ultracut) and
collected on single-slot grids coated with a Pioloform solution. Grids were
counterstained with uranyl acetate and lead citrate and were observed in
a JEM-1010 electron microscope (JEOL) equipped with a side-mounted
CCD camera (Mega View III; Soft Imaging System GmbH). The density of
excitatory synapses was evaluated via a stereological method (dissector)
on 20 pairs of micrographs of consecutive ultrathin sections for each animal
that were taken at 20,0003 magnification. To identify a structure as an
asymmetric synapse, we followed these criteria: the presence of at least
three vesicles within the profile adjacent to the presynaptic membrane
and the presence of a clear PSD. Only synapses that were present in the
reference section and not in the lookup section were counted. Dendritic
spine, presynaptic bouton cross-section area, and PSD length were
analyzed on the same images. Dendritic spine heads were recognized by
the absence of mitochondria and microtubules and by the presence of a
prominent postsynaptic density. To analyze the density of docked and total
synaptic vesicles, we photographed 50 randomly chosen synapses per
animal at a magnification of 75,0003. Statistical evaluations were performed
according to paired Student’s t test with Origin 7.0 software.
DiOlistic Labeling of Brain Structures
Fluorescence labeling of neuronal structures was performed as described
[32]. Tefzel tubing (Bio-Rad) was placed on a tubing preparation station
(Bio-Rad) and filled with polyvinylpyrrolidone (0.32 mg/ml). 1,10-diocta-
decyl-3,3,30,30-tetramethylindocarbocyanine perchlorate crystals (DiI;
Invitrogen) were dissolved in methylene chloride (Supelco) and then gently
dropped onto the tungsten particles (1.3 mm in diameter; Bio-Rad). DiI-
coated particles were immersed in distilled water, and the solution was
vortexed, sonicated, and then immediately injected into the predried tubing.
Finally, the particle-coated tube was rotated and air dried under constant
nitrogen flow (0.2 l/min) for 1 hr and subsequently cut into small pieces
(microcarriers) that were stored in a desiccated environment at room
temperature. IL1RAPL1 KO mice and WT littermates (at least 4 animals
per group) were anesthetized with an intraperitoneal injection of ket-
amine-xylazine 1:1 (0.1 ml/kg) and perfused with PBS, and then with 4%
PFA in 0.1 M PB. Brains were postfixed in the same fixative solution, washed
several times in PB 0.1 M, and then cut into 300 mm sections on a vibratome
(Leica VT 1000S). A commercially available helios gene gun system (Bio-
Rad) was used to propel DiI-coated particles into fixed slices. A membrane
filter with a 3.0 mm pore size (Millipore) was placed between the gun and the
tissue to filter out large clusters of coated particles. The particles were
accelerated with inert helium gas (120 pounds per square inch [psi]). After
the shot, the slices were placed in 4% PFA for 2 hr, washed 3 times in PB
0.1 M, and mounted on glass slides. A confocal microscope (Zeiss LSM-5
Pascal) equipped with a 403 oil-immersion objective was used to acquire
images from fluorescently labeled secondary and tertiary branches of apical
and basal dendrites in the stratum radiatum of CA1 area in the hippo-
campus. At least 10 Z stack images consisting of 10–15 sections (512 3
512 pixels, 80 to 100 mm-long dendritic segments) spaced 0.5 mm apart
were collected for each animal and for each area analyzed to generate the
data set. Dendritic segments and spines were analyzed quantitatively with
ImageJ software 1.34S (NIH, public domain), with the observer blinded to
the experimental conditions. All dendritic protrusions with a clearly recog-
nizable neck connected to the shaft of the dendrite were counted as spines.
Measure of spine density was performed on projected Z stack. If dendritic
spines were too packed to clearly separate them from each other, we turned
to serial stack images to delineate individual spines. By scrolling through the
stack of different optical sections, we could identify individual spine heads
with larger confidence. For presentation, digital micrographs were pro-
cessed with the software IMARIS. Files were imported into Adobe Photo-
shop, where images were cropped. Statistical analysis was performed by
paired Student’s t test.
Hippocampal Slice Preparation and Electrophysiology
KO and WT mice were sacrificed by cervical dislocation. Brains were
removed from the skull, and the hippocampi were quickly dissected out in
ice-cold oxygenated artificial cerebrospinal fluid (ACSF) containing the
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114following (in mM): 120 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 MgCl2, 26.2 NaHCO3, 1.0
NaH2PO4, 11.0 glucose, bubbled with a mixture of 95% O2/5% CO2 (pH 7.4).
Transverse hippocampal slices (400 mM) were cut with a manual tissue
chopper (Stoelting) and maintained in a humidified holding chamber at
room temperature for at least 1 hr for recovery [33]. Slices were then individ-
ually transferred to an interface recording chamber (Fine Science Tools)
where they were continuously perfused with ACSF maintained at 29C
and at a flowing rate of 1.5–2 ml/min. Extracellular field excitatory postsyn-
aptic potentials (fEPSPs) were recorded in stratum radiatum of area CA1 of
the hippocampus with glass electrodes filled with 1 M NaCl coupled to the
input stage of a Warner IE-210 amplifier. Stimuli were delivered (0.1 ms pulse
duration) to the commissural/Schaffer collateral afferents at a frequency of
0.033 Hz (for long-term potentiation [LTP] and long-term depression [LTD]
experiments) or 0.1 Hz (for input-output and PPF experiments) with a
concentric bipolar stainless steel electrode. For LTD experiments, a stim-
ulus intensity that elicited a fEPSP amplitude that wasw50% of maximum
was used. For LTP experiments, starting fEPSP amplitude was w33% of
maximum. Synaptic efficacy curve was built by measuring the fiber volley
and fEPSP of the responses evoked by stimulating afferent fibers with
current intensities ranging from 20 to 300 mA. PPF was induced by applying
pairs of stimuli at the following interstimulus intervals (in ms): 10, 25, 50, 75,
100, 150, 200, 250, and 300. LTP was induced either by high-frequency
stimulation (3 trains of 100 stimuli at 100 Hz, with 10 s intertrain interval)
or by TBS (16 bursts of 5 stimuli at 100 Hz, with 200 ms interburst intervals).
For LTD, a low-frequency stimulation (900 stimuli at 1 Hz) was used. The
presynaptic fiber volley was measured as the amplitude to the negative
peak that appears after the stimulus artifact. Synaptic activity was
measured as the maximal slope of the rising phase of the fEPSP. Data are
presented as means 6 standard error of the mean. Statistical analysis
was performed by one-way ANOVA.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/j.cub.
2009.12.030.
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